Aims. We present a detailed study of X-ray absorption in the local interstellar medium by analyzing the X-ray spectra of 24 Galactic sources obtained with the Chandra High Energy Transmission Grating Spectrometer and the XMM-Newton Reflection Grating Spectrometer. Methods. By modeling the continuum with a simple broken power law and by implementing the new ISMabs X-ray absorption model, we estimated the total H, O, Ne, and Fe column densities toward the observed sources. Results. We have determined the absorbing material distribution as a function of source distance and galactic latitude-longitude. Conclusions. Direct estimates of the fractions of neutrally, singly, and doubly ionized species of O, Ne, and Fe reveal the dominance of the cold component, thus indicating an overall low degree of ionization. Our results are expected to be sensitive to the model used to describe the continuum in all sources.
Introduction
The interstellar medium (ISM) is one of the most important galactic components. Regarding its chemical composition, it can be enriched with heavy elements by gas accretion from other galaxies, supernova explosions, and stellar winds (Pinto et al. 2013) . The analysis of such a dynamic environment is crucial for understanding stellar formation and evolutionary processes, which may be performed by means of high-resolution X-ray spectroscopy. Owing to their high penetrating power, X-ray photons interact not only with the ISM atomic ions exciting innershell levels but also with molecules and solid compounds, thus providing the opportunity to study physical properties, such as column densities, ionization fractions, and abundances of astrophysically relevant elements in both the gas and grains (Gatuzz et al. 2015) .
Multiple ISM analyses using low-mass X-ray binaries (LMXB) have been carried out in the past decade that report the presence of a multiphase ISM structure, which includes a cold gas with low-ionization degree and a hot ionized gas (e.g., Schulz et al. 2002; Takei et al. 2002; Juett et al. 2004; Yao et al. 2009; Liao et al. 2013; Pinto et al. 2013) ; however, the identification of the highly ionized species is less straightforward than the lowly ionized ones. For example, Gatuzz et al. (2014) performed a study of eight LMXB using high-resolution Chandra spectra, detecting only a Kα absorption feature (22.024 ± 0.003 Å) from highly ionized O vi toward XTE J1817-330. This line was previously identified by Gatuzz et al. (2013a,b) as being intrinsic to the source rather than originating in the local ISM. They concluded that the cold phase is dominant without any further identification of an associated hot gas component. In support of this view, Luo & Fang (2014) have found that most of the absorption lines from highly ionized metals detected in the spectra toward 12 LMXB arise in the hot gas intrinsic to the sources, the ISM only making a small contribution. In a recent study, Nicastro (2014) has concluded that the absorption line at ∼ 22.275 Å is ubiquitously detected in the spectra of both Galactic and extragalactic sources. It leads to identifying O ii Kβ from the local ISM, thus contradicting its previous identification as an O vi Kα absorption feature of the warm-hot intergalactic medium (WHIM) along the lines of sight toward H 2356-309 (Buote et al. 2009; Fang et al. 2010) and Mkn 501 (Ren et al. 2014) . Gatuzz et al. (2013a,b) made a detailed evaluation of the oxygen absorption region using Chandra high-resolution spectra from the bright binary XTE J1817-330, observing a complex structure around the K edge that included the presence of Kα, Kβ, and Kγ absorption lines from O i and O ii and Kα from O iii, O vi, and O vii. Gatuzz et al. (2014) fit the O K edge in the Chandra spectra of eight LMXB with the warmabs photoionization model to determine the ISM ionization degree. In the same work, the O-photoabsorption cross-section computed by García et al. (2005) was compared with the most recent calculation by Gorczyca et al. (2013) , finding no substantial differences in the modeling of the K-shell region. It is worth emphasizing the remarkable accuracy of the oxygen atomic data that was thereby established. The dominance of a neutral gas in all the observed lines of sight was therefore concluded in this work with ionic fractions O ii/O i and O iii/O i lower than 0.1.
In addition to oxygen, a benchmark of the neon atomic data was also pursued by Gatuzz et al. (2015) . Using the high signal- to-noise spectra of Cygnus X-2 and XTE J1817-330, the positions of the Kβ absorption line in Ne i and Kα, Kβ, and Kγ in Ne ii and Ne iii were determined. The Ne i cross-section computed by Gorczyca & McLaughlin (2000) and those for Ne ii and Ne iii by Juett et al. (2006) were adjusted by shifting the wavelength scale in order to fit the astronomical spectra. With the improved cross sections, a new X-ray absorption model, referred to as ISMabs, was developed and made publicly available (Gatuzz et al. 2015) . Its advantage lies in the compilation of a database of photoabsorption cross sections for neutrally, singly, and doubly ionized species for all the cosmic abundant elements, namely H, He, C, N, O, Ne, Mg, Si, S, Ar, Ca, and Fe. Although the neutral component is dominant in the ISM, it is found that including singly and doubly ionized species leads to more realistic models of the O and Ne K edges; furthermore, the use of a physical model prevents misidentification of absorption features that often occurs in the traditional fitting methods with Gaussian profiles.
ISM X-ray absorption affects all the X-ray observations and is particularly evident in high-resolution grating spectra. Even though a careful modeling of the ISM was previously attempted, its chemical composition and spatial distribution are still being debated (e.g., identification of a Galactic highly ionized gas and the existence of a homogeneous distribution on large scales). Moreover, an imprecise ISM modeling can lead to erroneous conclusions when analyzing other environments, such as the Galactic halo or the WHIM. In this respect, a comprehensive analysis of the ISM through multiple lines of sight and use of a realistic absorption model like ISMabs would be invaluable for addressing these concerns; consequently, we present an extensive analysis of the ISM using XMM-Newton and Chandra high-resolution X-ray spectra.
The outline of this report is as follows. In Section 2 the data reduction process is summarized, and in Section 3 the datafitting procedure is described. A thorough discussion of the results is given in Section 4, and finally in Section 5, we draw the conclusions of this work.
Observations and data reduction
To carry out the present ISM study we have gathered a sample of X-ray binary spectra from the XMM-Newton Science Archive (XSA 1 ) and the Chandra Source Catalog (CSC 2 ). A total of 24 bright sources were analyzed, 15 from the XSA and 17 from the CSC. Some of them have been observed with both telescopes; details of the observations are reviewed in the Appendix A. As shown in Figure 1 , the source locations allow an analysis of the ISM along different lines of sight, and it also depicts the source position projected in the Galactic plane. The XMMNewton spectra were reduced with the standard Scientific Analysis System (SAS) threads 3 and the Chandra spectra with the standard CIAO threads 4 . We estimated the zero-order position for Chandra spectra with the findzo algorithm 5 . All spectra were rebinned to 25 counts per channel in order to use χ 2 statistics. The spectral fitting was performed with the isis data analysis package (Houck & Denicola 2000, version 1.6.2-30 6 ).
Spectral fitting procedure
To estimate the O, Ne, and Fe column densities we carried out a broadband fit (11-24 Å) for each source listed in the Appendix A using a simple ISMabs*Bknpower model. The Bknpower component corresponds to a broken power law that in general provides a better fit to the continuum than a single unbroken power law. In the case of Sco X-1, we analyzed the spectra in the 15-24 Å region because of the absence of data below this wavelength range. The ISMabs model (Gatuzz et al. 2015) includes photoabsorption cross sections for neutrally, singly, and doubly ionized species, and the Fe photoabsorption cross-section is taken from metallic iron laboratory measurements (Kortright & Kim 2000) . For each source all observations were fit simultaneously (i.e., using the same absorption parameters and varying the normalization for each observation); in the case of Chandra, we Efraín Gatuzz, Javier A. García, Timothy R. Kallman, and Claudio Mendoza: Oxygen, neon, and iron X-ray absorption in the local interstellar medium 
9.3 ± 0.7 17.9 ± 2. 7.4 ± 1.2 12.9 ± 3.8 < 0.92 -3.6 ± 0.6 0.42 ± 0.17 0.09 ± 0.04 0.91 ± 0.14 Sco X-1 2.1 ± 1.5 9.4 ± 1.4 < 0.11
3.0 ± 0.9 32.5 ± 3.0 < 1.08 0.52 ± 0.29 6.0 ± 0.7 1.04 ± 0.44 ISMabs column densities for Chandra observations as a function of the number of counts. Black points correspond to Chandra TE-mode spectra and blue points to Chandra CC-mode spectra.
considered observations with timed-exposure (TE) readout mode and continuous clocking (CC) readout mode separately. The free parameters for the ISMabs fits were the H, O, Ne, and Fe column densities, including the O ii, O iii, Ne ii, and Ne iii ions. Data statistics (e.g., number of counts in the wavelength region of interest) clearly have a significant impact on the absorption modeling. Figure 2 shows the ISMabs column densities obtained from the Chandra observations as a function of the number of counts in the O (21-24 Å), Ne (13-15 Å), and Fe (16-18 Å) absorption regions, which brings out a disparity in the O columns when the number of counts is low. This is probably because the details of the spatial distribution are lost in the CC read mode, and there is therefore no way to spatially separate the background from the source. This affects the spectra at long wavelengths where the effective area is smaller and where the background may become comparable to the source signal.
Specifically, CC-mode observations with less than approximately 2000 counts in the O K-edge region give rise to the outliers in the lefthand panel of Figure 2 . Therefore, in the following procedures, we excluded observations with a limited number of counts in the O K-edge region (21-24 Å) and Ne K-edge region (13-15 Å). Additional information on the influence of Chandra readout modes in high-resolution spectroscopy are given in Appendix B. Finally, for those sources with observations from both Chandra and XMM-Newton, we have found that the derived columns are in good agreement, so we take the average of the fit values.
Results and discussions
The fit results to all the observations in our sample are listed in Table 1 . Upper limits for the column densities (i.e., the highest values obtained for each ion considering their upper errors) in units of 10 17 cm −2 are N(O I) < 32.46; N(O II) < 2.55; N(O III) < 3.37; N(Ne I) < 10.95; N(Ne II) < 2.11; N(Ne III) < 0.20; and N(Fe) < 2.31. Figure 3 shows the column density distribution for each source. The hydrogen and neon column densities are mostly consistent and are homogeneously distributed along their average value; this is expected in neon since it does not form molecules. Oxygen and iron column densities, on the other hand, tend to be more dispersed along the different lines of sight. This is discussed further in Section 4.3.
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Hydrogen column densities
A comparison of the ISMabs hydrogen column densities with the data sets from the 21 cm surveys (Dickey & Lockman 1990; Kalberla et al. 2005; Willingale et al. 2013 ) is provided in Ta is important to note that Dickey & Lockman (1990) and Kalberla et al. (2005) only consider the atomic H i column densit,y while Willingale et al. (2013) include both atomic and molecular hydrogen. Figure 4 shows a comparison of the 21 cm measurements with those derived from our ISMabs fits. Black data points correspond to the ISMabs/21 cm ratio using the Dickey & Lockman (1990) measurements. The solid color lines are linear fits to the ISMabs/21 cm values relative to the various determinations from the 21 cm surveys (Dickey & Lockman 1990; Kalberla et al. 2005; Willingale et al. 2013) . For low column densities, the ISMabs values tend to be systematically higher than the 21 cm values, while for high column densities, the ISMabs values tend to be lower than the 21 cm values. We found overall that the Efraín Gatuzz, Javier A. García, Timothy R. Kallman, and Claudio Mendoza: Oxygen, neon, and iron X-ray absorption in the local interstellar medium best agreement of our results is with those from Willingale et al. (2013) .
These discrepancies may arise from either a real difference in the intrinsic absorption or the continuum model; also, changes in the region around the X-ray source due to changes in the intrinsic column (e.g., the presence of winds) can increase absorption, and they are thus not resolved by the 21 cm surveys. These effects are more likely to be important in sources with strong stellar winds, such as Cyg X-1 and Sco X-1 (Gatuzz et al. 2014 ). On the other hand, the hydrogen column densities obtained from broadband fits are subject to the uncertainty of the assumed underlying continuum. In some cases, the characterization of the spectra with different models, such as Powerlaw, Bknpower, and Blackbody, leads to differences in the column densities despite similar statistics. Therefore, since we are not able to favor a continuum model based on fit statistics, we have adopted the Bknpower model for all observations for consistency and simplicity. We emphasize that the continuum model must be treated carefully in any attempt to perform an ISM analysis with X-ray high-resolution spectroscopy. In this respect our results are expected to be sensitive to the particular model used to describe the continuum in all sources. Figure 5 shows a comparison of the oxygen, neon, and iron total column densities from the ISMabs model as a function of distance (left panels), latitude absolute value (central panels), and longitude (right panels) for all the analyzed sources. We have found that the column densities tend to increase with distance, because the slope is steeper in the case of oxygen, and the general trend is to decrease with galactic latitude. This behavior is expected because the ISM material density decreases in the vertical direction away from the Galactic plane. In the case of galactic longitude, it is difficult to establish a clear relationship with the column density but an increase at high longitude (i.e., away from the Galactic center) is hinted.
ISM structure
We have derived the column-density unweighted average considering all individual sources (in units of 10 17 cm −2 ): N(O) = 18.43 ± 2.53, N(Ne) = 4.91 ± 1.19, and N(Fe) = 0.90 ± 0.18 . Using the total column densities for each element, we estimated elemental abundances with the relation N x = A x N h , where N h is the hydrogen column density, A x the abundance, and N x the total column density of element x. The resulting values are listed in Table 3 . The abundance behavior, on the other hand, tends to be constant with distance and latitude, and as for The comparison of the oxygen and iron total column densities as a function of the neon column density is shown in Figure 6 , including contributions from the neutrally, singly, and doubly ionized species for each element. The best-fit N x /N Ne abundance ratio for all sources is plotted with the solid red line; ratios from Grevesse & Sauval (1998) The presence of ionized species in the ISM is not negligible and must be considered in order to perform a reliable chemical analysis of its environment. Figure 7 shows a comparison of the O ii/O i, O iii/O i, Ne ii/Ne i, and Ne iii/Ne i ionization fractions as a function of distance, latitude absolute value, and longitude. Unlike the column densities, the ionization fractions tend to be approximately constant with the geometric parameters. This result agrees with previous findings regarding the dominance of the ISM cold phase characterized by a low ionization degree (Gatuzz et al. 2013a (Gatuzz et al. ,b, 2014 (Gatuzz et al. , 2015 . 
Molecular absorption features
The search for molecular and dust spectral signatures is a topic of current interest in ISM astrophysics. Lee et al. (2009) argue that Chandra and XMM-Newton high-resolution spectra provide a resource for constraining dust properties (e.g., distribution, composition, and abundances). Absorption features due to molecules and dust have been studied previously using LMXB (de Vries & Costantini 2009; Kaastra et al. 2009; Pinto et al. 2010; Costantini et al. 2012; Pinto et al. 2013) ; in particular, de Vries & Costantini (2009) estimate an oxygen depletion rate to the solid state of 30−50% from an XMM-Newton RGS spectrum of Sco X-1. However, García et al. (2011) show that, by taking an improved photoabsorption cross section into account for atomic oxygen, which itself takes Auger damping into account, the same observation could be adequately modeled without invoking molecular or dust contributions. The best X-ray absorption model should include both atomic and molecular cross sections. However, since the spectral features from solid compounds are expected to be weak, an accurate modeling of the atomic components is a prerequisite. In this respect, Pinto et al. (2010) previously analyzed the XMM-Newton spectra of the binary GS 1826-238, and after modeling the atomic component, they included molecular and dust contributions to diminish the high residuals near the oxygen edge. They derived column densities for andradite (Ca 3 Fe 2 Si 3 O 12 ), amorphous ice (H 2 O), carbon monoxide (CO),
Article number, page 6 of 12 Efraín Gatuzz, Javier A. García, Timothy R. Kallman, and Claudio Mendoza: Oxygen, neon, and iron X-ray absorption in the local interstellar medium and hercynite (FeAl 2 O 4 ); however, their model included the same undamped atomic cross sections as used in previous studies. Figure 8 shows XMM-Newton spectra of GS 1826-238 in the 21-24 Å region modeled by ISMabs, which considers a more recent and Auger-damped atomic cross section.
Although ISMabs includes neither molecular nor solid photoabsorption cross-sections, it leads to a good fit of the O K-edge absorption features with well-distributed small residuals; that is, the apparent lack of absorption previously perceived by Pinto et al. (2010) was due, in our opinion, to a poor atomic model. Our results imply an upper limit to the amount of oxygen that can be in a molecular or a solid form. A quantitative estimate for this limit requires simultaneous fits using both our accurate atomic oxygen K shell cross-sections and the best available models for absorption by molecules and dust. This will be the subject of future investigations.
It is important to note that, since the valence electronic levels of molecules or dust are more fully occupied than those of atoms, the Kα resonance lines from molecules and dust will in general be weaker than atoms, or absent. Thus, the addition of molecules or dust to an atomic model when fitting to observed ISM X-ray spectra will lead to a higher ratio of edge to line. Our fits do not show a systematic discrepancy or statistically significant errors in this ratio, thus reinforcing the conclusion that molecules and grains are a minor contributor to the absorption in the spectral region near the oxygen K edge.
Conclusions
We performed a thorough analysis of the ISM along 24 lines of sight by means of high-resolution X-ray spectroscopy with spectra obtained from the Chandra and XMM-Newton space observatories. This is the most complete study to date of this type, and it considered O and Ne charge states. We found that data statistics (i.e., number of counts for a given wavelength region) has a sizeable impact on the analysis, which is particularly important in the case of Chandra observations taken in CC mode because they require a higher number of counts than those in TE mode in order to avoid background contamination. For sources observed with both telescopes, the derived column densities are in good agreement, so average values are listed.
Using the ISMabs X-ray absorption model, we obtained upper limits for the column densities of H i, O i, O ii, O iii, Ne i, Ne ii, Ne iii, and metallic Fe. In the case of hydrogen, we found differences between our fits and the 21 cm surveys. These dis- crepancies may arise from intrinsic absorption variabilities in each source, as well as from the particular choice of continuum representation. Our measurements indicate an increase in the column densities with source distance and a decrease with galactic latitude. We find that the ionization fractions, on the contrary, tend to be constant with distance and latitude reinforcing previous conclusions regarding the dominance of the neutral ISM component. We also derived the N(O)/N(Ne) and N(Fe)/N(Ne) abundance ratios finding lower values than solar (Grevesse & Sauval 1998) . Using the total column densities, we estimated the O, Ne, and Fe abundances to be ∼ 70%, ∼ 87%, and ∼ 67%, respectively, relative to the solar standards of Grevesse & Sauval (1998) and ∼ 97%, ∼ 122%, and Fe ∼ 67% relative to the revised values of Asplund et al. (2009) . In general, the abundances show a different trend to the one observed in the column densities: they tend to be constant with distance and latitude.
It is important to note that this study only considers a small fraction of the local ISM environment because of the lack of a larger database of bright LMXB to perform a more extensive analysis. Observations with new-generation instrumentation such as Astro-H will allow a finer examination of the ISM large structures. The present work will be followed by a search and study of molecular and dust absorption features.
Appendix A: Data sample
For this analysis we used a sample of 84 observations, and the details of the Chandra and XMM-Newton observations are listed in Tables A.1-A.2. The number of counts for each observation in the broadband fit region (11-24 Å), O K-edge region (21-24 Å), Ne K-edge region (13-15 Å), and Fe L-edge region (16-18 Å) are also included. In the case of Chandra, 20 and 29 observations were taken in TE-mode and CC-mode, respectively.
Figures A.1-A.2 show the best broadband fit for each source in flux units. In cases where more than one observation is present, the observations are fit simultaneously, and they vary the continuum parameters so have only been combined for illustrative purposes. The best-fit model is indicated by a solid red line. In the case of Sco X-1, the broadband fit was performed in the 15-24 Å wavelength range owing to the absence of data below 15 Å (see Figure A. 3). The dominant observed absorption features correspond to the O K edge (∼ 23 Å), Ne K edge (∼ 14 Å), Fe L edge (∼ 17 Å), and the O i Kα transition (∼ 23.5 Å). In general, a smooth residual distribution (bottom panels) around these edges is observed, indicating modeling accuracy that relies on the latest atomic data. It must be emphasized that the absence of molecular photoabsorption cross-sections in the ISMabs model (except for metallic Fe) does not represent a spectral fitting limitation. This is discussed in Sect. 4.3. All data were rebinned to 25 counts per channel and combined for illustrative purposes
Appendix B: Chandra CC-mode notes
The Chandra CC-mode provides a fast readout mode to decrease the pileup effect in bright sources: i.e., the detection of two photons as a single event with the sum of their energies. While in TE-mode the events are collected for a specific time frame and then read out collectively, in CC-mode they are read out continuously by collapsing them to one row. In the case of a low-count regime, CC-mode data must be analyzed carefully because they can be affected by the background that cannot be separated from the source spectrum.
As an example of this effect, we show a comparison in Figure B .1 of the 4U 1636-53 spectra in the 11-24 Å region as obtained by the Chandra TE-mode, CC-mode, and XMM-Newton. All data have been rebinned to 25 counts per channel and combined for illustrative purposes. The total number of counts in the oxygen absorption region (21-24 Å) without rebinning is 1591 (CC-mode), 1035 (TE-mode), and 28240 (RGS). The O i and O ii Kα absorption lines at ∼ 23.5 Å and ∼ 23.35 Å, respectively, are clearly observed in the TE-mode and the RGS data, but they cannot be detected in CC-mode due to background contamination that becomes dominant at ∼ 18−20 Å. For this reason and based on previous tests, we discarded from our analyses the oxygen column densities derived from observations in CC mode with fewer than 2000 counts in the oxygen K-shell region.
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